To begin to examine the function of the A-type cyclins during meiosis in the male, we have examined the developmental and cellular distribution of the cyclin A1 and cyclin A2 proteins, as well as their candidate cyclin-dependent kinase partners, Cdk1 and Cdk2, in the spermatogenic lineage. Immunohistochemical localization revealed that cyclin A1 is present only in male germ cells just prior to or during the first, but not the second, meiotic division. By contrast, cyclin A2 was expressed in spermatogonia and was most abundant in preleptotene spermatocytes, cells which will enter the meiotic pathway. Immunohistochemical detection of Cdk1 was most apparent in early pachytene spermatocytes, while staining intensity diminished in diplotene and meiotically dividing spermatocytes, the cells in which cyclin A1 expression was strongest. Cdk2 was highly expressed in all spermatocytes. Notably, in cells undergoing the meiotic reduction divisions, Cdk2 appeared to localize specifically to the chromatin. This was not the case for spermatogonia undergoing mitotic divisions. In the testis, cyclin A1 has been shown to bind both Cdk1 and Cdk2 but we show here that cyclin A2 binds only Cdk2. These results indicate that the A-type cyclins and their associated kinases have different functions in the initiation and passage of male germ cells through meiosis.
INTRODUCTION
* Progression of cells through the cell cycle requires the coordinated activation and inactivation of specific protein kinases. Key among these are serine/threonine protein kinase complexes composed of a regulatory subunit, cyclin, and a catalytic subunit, cyclin-dependent kinase (Cdk) (Pines, 1993; Solomon, 1993) . Activation of the Cdk is regulated by binding of cyclin and by posttranslational modifications (Doree and Galas, 1994; Sherr, 1994; Lees, 1995; Morgan, 1995) . In vertebrates, nine classes of cyclins and at least 10 Cdk family members have been identified (Meyerson et al., 1992; Okuda et al., 1992; Sherr, 1993; Fisher and Morgan, 1994; Nakamura et al., 1995) . While the cyclins and Cdks have been studied extensively in mitotic, somatic cells in culture, much less is known about their roles in meiosis.
An A-type cyclin was originally described as having a role in M-phase oocytes and early embryos in organisms as diverse as sea urchins, flies, and frogs (Evans et al., 1983; Swenson et al., 1986; Lehner and O'Farrell, 1990; Kobayashi et al., 1991) . However, data from mammalian tissue culture cells indicated that cyclin A functioned primarily at S phase (Girard et al., 1991; Pagano et al., 1992; Cardoso et al., 1993; Sobczak-Thepot et al., 1993; Pines and Hunter, 1994) . It has recently been shown that there are two vertebrate cyclin A genes, cyclin A1 and cyclin A2, which exhibit distinct tissue-specific patterns of expression (Howe et al., 1995; Sweeney et al., 1996; Ravnik and Wolgemuth, 1996) . It was further suggested that cyclin A1 functions in germ-line and early embryonic cells and that cyclin A2 functions in somatic cells (Kobayashi et al., 1992; Howe et al., 1995; Sweeney et al., 1996) . However, at least at the RNA level, in the mouse testis cyclin A2 is clearly expressed in germ cells and in the ovary, cyclin A2 is expressed in both germ-line and somatic cells. The patterns of expression in the ovary actually suggest functions during both S and M phase (S. R. Ravnik, Q. Zhang, and D. J. Wolgemuth, in preparation) . It would thus appear that classifying the A-type cyclins as either S-phase or M-phase or as germ-cell/embryonic or somatic cyclins may not be possible. Given the striking differences between cyclin A1 and cyclin A2 mRNA expression during spermatogenesis (Sweeney et al., 1996; Ravnik and Wolgemuth, 1996) , this system provides a unique model to explore potential differences in the function of the two mammalian A-type cyclins.
The development and differentiation of germ cells requires a highly orchestrated series of specialized cell cycle events. Germ cells undergo mitotic divisions, meiotic reduction divisions, and morphogenetic differentiation as they progress from the primordial germ cell to the haploid gamete. Mammalian germ cell development also requires passage of cells through a number of unique cell cycle regulatory checkpoints that are different between females and males (reviewed in Wolgemuth et al., 1995) . For example, female germ cells proliferate by mitosis and enter meiosis in the embryo, arresting in prophase of meiosis I. These oocytes remain arrested until puberty when a pool of oocytes are recruited to grow and complete the first meiotic division, only to arrest again at metaphase II until fertilization triggers the resumption of meiosis (Peters, 1969; Schultz, 1986) . In contrast, male germ cells undergo only a few rounds of mitoses in the embryo, after which they leave the cell cycle and are quiescent until puberty. At this time, self-renewing, spermatogonial stem cells divide mitotically and begin meiosis with the initiation of the premeiotic S phase (Bellve et al., 1977; Setchell, 1982) . These primary spermatocytes undergo a prolonged prophase wherein recombination takes place and then meiosis continues without interruption, producing the haploid spermatids.
The role of the A-type cyclins during the initiation of and progression through meiosis remains to be elucidated. We have previously shown that the mRNA expression patterns for mouse cyclin A1 and cyclin A2 are strikingly different. Cyclin A1 mRNA was abundantly expressed only in meiotic prophase cells in the testis and not in other tissues (Sweeney et al., 1996) . In contrast, cyclin A2 mRNA was expressed in many adult tissues. In the testis it was most readily detected in the germ cells, specifically in spermatogonia and preleptotene spermatocytes about to enter the meiotic pathway , as well as in Leydig cells in immature rat testis (Ge and Hardy, 1997) . In addition, the expression patterns in the testis of two of the putative cyclin-dependent kinase partners for these cyclins, Cdk1 and Cdk2, have been explored at the RNA level . The expression patterns of these Cdks were very similar, each showing the most abundant levels of transcripts in the meiotic cells of the adult mouse testis.
The cyclin subunit likely determines the substrate or specific site of action of the cyclin/Cdk activity (Bandara et al., 1991; Peeper et al., 1993; Morgan, 1995) . Therefore, it is important to determine in which specific cell types in the meiotic lineage specific cyclins, especially the A-type cyclins, are expressed and to which Cdk they bind. In the present study, we used specific immunological approaches to determine the cellular and subcellular localization of cyclin A1 and cyclin A2 and their candidate Cdk partners, Cdk1 and Cdk2, in mitotic and meiotic cells in the testis and to determine the Cdk to which cyclin A2 binds in testicular cells.
METHODS

Animals and Tissues
Swiss Webster mice (The Jackson Laboratory, Bar Harbor, ME) were used as the source for all tissues. For immunohistochemistry, testes from day 17 postnatal (d17) and adult (at least 35 days of age) mice were dissected from animals that had been perfused through the heart with PBS and then with 4% paraformaldehyde in PBS. Tissues were fixed overnight at 4°C in 4% paraformaldehyde in PBS. For immunoprecipitation studies, testes from d11 postnatal mice were dissected and immediately homogenized in ice-cold RIPA buffer (150 mM NaCl, 50 mM Tris, pH 8.0, 1.0% NP-40, 0.5% deoxycholic acid, and 0.1% SDS) containing a protease inhibitor cocktail of aprotinin, leupeptin, and pepstatin at 1 g/ml each, trypsin inhibitor at 10 g/ml, 0.1 mM PMSF, 10 mM NaF, and 10 mM NaVO 4 . All samples were centrifuged at 10,000g for 10 min and supernatants were collected. Protein quantitation was by the BCA assay (Pierce, Rockford, IL) and the lysates were either used immediately or frozen on dry ice for later analysis.
Source of Antibodies
Specific antisera to mouse cyclin A1 and cyclin A2 (Sweeney et al., 1996) were kindly provided by Dr. Mark Carrington (Cambridge University). Antibodies against Cdk1 were purchased from Upstate Biotechnology, Inc. (06194; Lake Placid, NY) and from Transduction Laboratories (C12720; Lexington, KY). Two different antibodies to human Cdk2, which cross-react with mouse Cdk2, were used. One (06-148; Upstate Biotechnology) was used for all of the immunohistochemistry experiments at a concentration of 5 g/ml. A different antibody, purchased from Santa Cruz Biotechnology (SC-163), was used for the immunoprecipitation experiments at a concentration of 1 g/ml. Control antibodies were either preimmune sera for cyclin A1 and cyclin A2 or rabbit anti-mouse IgG (AF-541-1; EY Laboratories, Inc., San Mateo, CA). For immunoblot analyses, peroxidase-conjugated goat-anti-rabbit IgG (605220; Boehringer Mannheim, Indianapolis, IN) was used as secondary antibody at a dilution of 1:10,000.
Immunohistochemistry
Perfused, fixed tissues were embedded in paraffin and sectioned at 6 m. Immunohistochemical analyses were performed using a Vectastain ABC kit (Vector Laboratories, Burlingame, CA). Histological sections were deparaffinized in xylene, hydrated through an alcohol series, and washed with H 2 O. Antigen recapture was performed by boiling slides in a microwave for 10 min in 0.01 M citrate buffer, pH 6.0 (Shi et al., 1991) . Following treatment with 0.03% H 2 O 2 in methanol for 20 min, sections were washed with 1ϫ PBS containing 0.1% Triton X-100 (PBSTr). Slides were blocked for 1 h at room temperature with 2.5% goat serum in PBSTr. All primary antibody incubations were carried out overnight at 4°C in a humidified chamber using the following concentrations in PBS: anti-cyclin A1, 1:500; anti-cyclin A2, 1:1000; anti-Cdk1 (06194; Upstate Biotechnology, Inc.), 5 g/ml; anti-Cdk2, 5 g/ml. Appro-
FIG. 1.
Cyclin A1 and cyclin A2 expression in adult testis. Perfused, fixed, paraffin-embedded adult testes were sectioned at 6 m and prepared for immunohistochemistry. Control sections were incubated with preimmune sera for CycA1 at a 1:500 dilution (A) or preimmune sera for CycA2 at a dilution of 1:1000 (B). Experimental sections were incubated with anti-CycA1 at a 1:500 dilution (C, E) or with anti-CycA2 at a 1:1000 dilution (D, F). Roman numerals correspond to the stage of the spermatogenic cycle (see text and Russell et al., 1990) . Black arrowheads in C and E show spermatocytes undergoing the first meiotic division, black arrows point to 2°spermatocytes, just prior to the second division, and the thick, black arrow shows 2°spermatocytes at meiosis II (middle right of C). In D and F, white arrowheads show preleptotene spermatocytes, thin white arrows show spermatogonia in general, and thick white arrows show spermatogonia in metaphase. Abbreviations are sc, Sertoli cell; d, diplotene spermatocytes. Bars, 25 m.
priate control antibodies were diluted at the same concentration as their respective primary antibody. After incubation, slides were washed three times, 10 min each, with PBSTr and processed using the Vectastain ABC kit following the manufacturer's suggestions. DAB-stained slides were counterstained with hematoxylin and viewed on a Leitz photomicroscope under bright-field optics. Photomicrographs were taken using Fujicolor 100 film.
Immunoprecipitation
Testicular lysates (described above) were preabsorbed for 1 h at 4°C with 30 l of a 20% slurry of protein A-Sepharose beads (PAS beads; blocked with 3% nonfat dry milk in RIPA and then equilibrated with RIPA). Antibodies were added to lysates at the following concentrations: anti-cyclin A2, 1:1000; anti-Cdk1, 5 g/ml (either 06194 or C12720 preconjugated to PAS beads); anti-Cdk2, 1 g/ml (SC-163 preconjugated to PAS beads); or control rabbit IgG at 1 g/ml. Antibody incubations were carried out overnight at 4°C on a rocking platform and then 75 l of PAS beads was added and incubated for an additional hour. Western blot analyses of immunoprecipitated proteins were performed according to our published methods , except that washed PAS beads were boiled in 30 l of NEM sample buffer (62 mM Tris-HCl, pH 6.8, 100 mM N-ethylmaleimide, 2% SDS, 10% glycerol, 0.001% bromophenol blue). N-Ethylmaleimide was used instead of ␤-mercaptoethanol so that the immunoglobulin bands are retained near the stacking gel (Minshull et al., 1990) . Antibody concentrations for immunoblots were the same as those for immunoprecipitation.
Kinase Assay
Histone H1 kinase assays were performed according to Buchkovitch and Ziff (1994) , with slight modifications. Briefly, following two washes in RIPA, immunoprecipitates were washed two times in kinase buffer (50 mM Hepes, pH 7, 10 mM MgCl 2 , 5 mM MnCl 2 , 1 mM DTT). Washed PAS beads were resuspended in 50 l kinase buffer containing 100 M ATP, 50 g/ml histone H1 (Sigma, St. Louis, MO), 5 Ci [␥-
32 P]ATP (NEN-Dupont, Boston, MA). Reactions were incubated at 30°C for 10 min and then stopped by immediately adding 50 l of 2ϫ Laemmli sample buffer. Samples were vortexed, boiled for 5 min, and then run on 12% SDS-PAGE gels. Gels were dried and autoradiography was performed for 18 h.
RESULTS
The different germ cell types in the testis can be identified in histological sections based upon their cellular associations with other cell types, dividing the seminiferous epithelium into 12 characteristic stages (Oakberg, 1956; Russell et al., 1990) . Identification of spermatogenic cells within particular stages of the epithelial cycle allowed assignment of specific stages of the meiotic cell cycle phase (see Chapman and Wolgemuth, 1993; Ravnik and Wolgemuth, 1996) . The mRNAs for mouse cyclin A1 and cyclin A2 have been shown to be expressed in dramatically different cell types within the spermatogenic lineage (Sweeney et al., 1996; Ravnik and Wolgemuth, 1996) , while their candidate Cdk family partners, Cdk1 and Cdk2, are expressed in very similar cell types . Thus, in the present study, we wished to determine more precisely the cell-specific and subcellular localization of the proteins for these genes to begin to assess their potential functional interaction.
The A-Type Cyclins
In the first series of experiments, cyclin A1 and cyclin A2 protein expression patterns in the testis were explored using immunohistochemistry. Cyclin A1 was detected only in cells in stages IX-XII (Fig. 1, see also Fig. 6 ). Cyclin A1 was localized in nuclei of late pachytene to diplotene spermatocytes just prior to the first meiotic division, and during the first meiotic division in stage XII tubules, very intense staining was found in these cells after nuclear envelope breakdown (Figs. 1C and 1E ). Cyclin A1 protein appeared to persist following metaphase of the first meiotic division and was localized in the nuclei of secondary spermatocytes, cells between the first and the second meiotic divisions (Fig. 1C) . However, cyclin A1 was not detected in cells undergoing the second meiotic division (Fig.  1C) .
In contrast, cyclin A2 protein was present only in spermatogonia and preleptotene spermatocytes, cells considerably earlier in spermatogenesis than those in which cyclin A1 was detected. Figure 1D shows cyclin A2 expression in preleptotene spermatocytes in stage VII tubules and in spermatogonia in seminiferous tubules in stage XII, the same stage in which cyclin A1 is expressed in meiotically dividing cells (compare Figs. 1C and 1D ). The absence of any cyclin A2 staining in meiotic cells was striking. Also, as spermatogonia begin the mitotic division, cyclin A2 rapidly disappeared, such that by anaphase of mitosis, cyclin A2 was nearly undetectable (Fig. 1F, thin arrows) . Interestingly, in immature animals in which spermatogenesis has not proceeded beyond early pachytene stages, the expression of cyclin A2 in preleptotene spermatocytes was highly synchronous in cohorts of germ cells about to enter meiosis (Fig. 2 ).
Cdk1 and Cdk2
In situ hybridization analysis of Cdk1 and Cdk2 mRNA in the testis had revealed that both of these genes were expressed primarily in meiotic cells of the testis . Immunohistochemical analysis confirmed this result, but also revealed interesting differences in their cellular and subcellular distribution at the protein levels. Both Cdk1 and Cdk2 proteins were present in spermatocytes of all stages of tubules (Fig. 3, see also Fig. 6 ). Cdk1 expression, however, changed from a primarily nuclear localization in tubules of stages I-VII to both nuclear and cytoplasmic localization in stages VIII-XII (Figs. 3C and 3E ). We observed that in stage XII tubules, spermatocytes undergoing the first meiotic division stained less intensely for Cdk1 (Fig. 3E) . In contrast, Cdk2 exhibited strong nuclear staining in spermatocytes of all stages of tubules (Figs. 3D and 3F) . Surprisingly, Cdk2 appeared to associate tightly with chromatin in these meiotic cells, outlining the metaphase and anaphase figures (Fig. 3F and inset) .
Although some spermatogonia in adult animals express Cdk1 and Cdk2 mRNA, immunohistochemical staining of these cells was difficult to detect. We therefore performed immunohistochemistry on testes from immature animals in which meiosis has not progressed past early pachytene stages. Figure 4 shows that both Cdk1 and Cdk2 were detected in some spermatogonia and all early pachytene cells. However, in striking contrast to the association of Cdk2 with meiotic chromosomes, there was no such association with mitotic chromosomes (Fig. 4D ).
Cyclin A2 Binds Cdk2
We had previously shown that cyclin A1 from testicular lysates was coimmunoprecipitated with both Cdk1 and Cdk2 and that cyclin A1 immunoprecipitates have histone kinase activity (Sweeney et al., 1996) . To now determine the Cdk catalytic partner of cyclin A2 in testicular cells, we performed immunoprecipitation from testis lysates using specific cyclin A2, Cdk1, and Cdk2 antibodies. In this experiment, we used testes from d11 postnatal animals since this would be the peak of cyclin A2 expression and there is no expression of cyclin A1. There would also not be additional Cdk1 or Cdk2 from meiotic cells. Further, since there are very few somatic cells dividing at this age (Vergouwen et al., 1991) , the contribution of cyclin A2 from mitotic somatic cells would be negligible. Immune complexes recovered from protein A-Sepharose beads were analyzed by immunoblotting for the presence of cyclin A2, Cdk1, or Cdk2. This experiment, as illustrated in Fig. 5 , revealed the following: (a) lysates treated with anti-cyclin A2 precipitated Cdk2 and anti-Cdk2 precipitated cyclin A2; (b) anti-cyclin A2 did not precipitate Cdk1, nor did antiCdk1 precipitate cyclin A2; and (c) kinase activity was detected in cyclin A2 immunoprecipitates, likely due to its interaction with Cdk2. Interestingly, anti-Cdk2 antibodies immunoprecipitated polypeptides of both p33 and p39, but anti-cyclin A2 only weakly coprecipitated p39. This band was only detectable after overexposure of the blots (Fig. 5,  3rd blot) .
DISCUSSION
The mRNA expression patterns during spermatogenesis of the two cyclin A genes known to date, cyclin A1 and cyclin A2, suggested very different roles for these cyclins in regulation of mitotic and meiotic cell cycles (Sweeney et al., 1996; Ravnik and Wolgemuth, 1996) . In contrast, mRNAs of the putative Cdk partners of these cyclins, Cdk1 and Cdk2, are expressed in similar patterns during spermatogenesis . Since it is likely that the cyclin subunit of the active kinase complex directs the kinase activity to its target substrate (Peeper et al., 1993; Morgan, 1995) , elucidating the specific cell types in which the cyclin and Cdk proteins are present and active can give insight into the possible substrates and functions of these kinase complexes. In the present study, we have shown that the expression of cyclin A1 and cyclin A2 proteins was distinct and limited to particular cell types within the testis. In contrast, Cdk1 and Cdk2 exhibited similar, but not identical, patterns of cell-type localization. A diagrammatic summary of the cellular specificity of expression of these cell cycle proteins is presented in Fig. 6 .
It had been shown previously that cyclin A1 bound both Cdk1 and Cdk2 in the testis (Sweeney et al., 1996) . The cellular localization data reported here show that by the time of the first meiotic reduction division, immunostaining for Cdk1 protein was less intense, while cyclin A1 was readily detected. It is not technically possible to obtain sufficient numbers of purified first meiotic division spermatocytes to determine if the reduced Cdk1 staining we observed is due to changes in Cdk1 protein level or to modifications that affect its detection by immunohistochemistry. An interesting possibility is that Cdk1 may not be the active partner for cyclin A1 during this stage of meiosis, but instead may interact with Cdk2. A recent report on human cyclin A1 indicated that it did not interact with Cdk1 in the yeast two-hybrid screen (Yang et al., 1997) . As cyclin A1 protein was present in pachytene spermatocytes, it could nonetheless have been complexed with Cdk1 in earlier stages of the meiotic prophase, perhaps carrying out functions related to recombination repair. It is also possible, but less likely, that the cyclin A1/Cdk complexes observed previously (Sweeney et al., 1996) formed during the immunoprecipitation procedures and do not actually functionally interact in vivo.
Our observation that Cdk2 associates with meiotic, but not mitotic, chromosomes and the fact that we were unable to detect significant levels of cyclin A1 with chromatin in these same cells was quite puzzling. Cyclin A1 appeared to preferentially bind an alternative form of Cdk2 in the testis (Sweeney et al., 1996) , a 39-kDa form that may arise from alternative splicing (Noguchi et al., 1993; Kotani et al., 1995; D. M. Simons and S. E. Ravnik, unpublished observations) . Although an alternatively spliced mRNA of Cdk2 was not reported in total RNA from the testis , it is possible that the reported Northern analyses would not have resolved another transcript differing by only 144 nucleotides. The antibodies used in our immunohistochemical studies would not have distinguished between the two different forms; therefore we were unable to determine if different forms of Cdk2 are expressed in different cell types in the testis.
It is possible that the two putative different forms of Cdk2 bind and are activated by different cyclins. Although cyclin B1 and cyclin B2 can bind Cdk2 in vitro (Peeper et al., 1993) , Cdk2 is not thought to be the catalytic partner of these cyclins in mammalian somatic cells (Pines, 1993; Nigg, 1995) . On the other hand, both cyclin B1 and cyclin B2 mRNAs are expressed in meiotic cells in the testis and may be candidates for this putative alternative Cdk2 partner. M-phase function of Cdk2 is, however, controversial. In mammalian cell lines, Cdk2 is expressed before Cdk1 and does not appear to be active during M phase (Elledge et al., 1992; Pagano et al., 1993 , Nigg, 1995 . Although in Xenopus oocytes, Cdk2 has been reported to be part of the cytostatic factor-mediated block at metaphase II (Gabrielli et al., 1993) , no such block occurs during meiosis in male mice. Therefore, perhaps Cdk2 is utilized for male meiosis-specific events. Our data showing that Cdk2 does not associate with mitotic chromosomes in germ cells may be supportive of this hypothesis.
Further evidence for a role for two different forms of Cdk2 during spermatogenesis comes from our data showing that cyclin A2 in the testis preferentially binds the p33 form of Cdk2. Cyclin A2 association with Cdk2 in mitotic germ cells and those cells entering premeiotic DNA synthesis suggested the more conventional role of cyclin A2/Cdk2 complexes in controlling aspects of DNA synthesis. The regulation of this activity should prove to be quite interesting, given our observation that all preleptotene cells at this stage expressed cyclin A2 in a synchronous fashion. Since the number of cells expressing cyclin A2 in these cells was larger than that expected from a single clone of cells that have entered the spermatogenic cycle, cyclin A2 may be useful as a marker for cells entering into meiotic prophase and could provide insight into the mechanisms that signal the start of meiosis in the spermatogenic lineage.
In summary, we have shown that cyclin A1 and cyclin A2 are expressed in the testis in patterns that suggested unique, cell-specific functions for these cyclins, both with regard to the cells in which they are expressed, and hence in which they could interact with their catalytic partners, and with regard to cell-specific interactions. The activity, and therefore, function, of the A-type cyclin-associated kinases during meiosis may also be regulated by such factors as the CAK complex (Fisher and Morgan, 1994; Fisher et al., 1995) or p45 (Zhang et al., 1995) , known regulators of cyclin A2/Cdk activity in tissue culture cells. Future experiments examining both the regulation of the A-type cyclin/Cdk complexes in the different meiotic cell types and the potential targets of the kinase complex activity should provide important information with regard to the different regulatory molecules that control the unique cell cycle events of meiosis.
